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(57) ABSTRACT 

An element for re?ecting, transmitting, focusing, defocusing 
or Wavefront correction of electromagnetic radiation in the 
terahertZ frequency range. The elements include a grid of 
conductive strips including active regions comprising a 

chalcogenide phase change material. The chalcogenide 
material can be in an amorphous, crystalline or partially 
crystalline state. The dispersive characteristics of the grid 
(e.g. impedance, admittance, capacitance, inductance) in?u 
ence one or more of the re?ection, transmission, state of 
focusing or Wavefront characteristics of incident electro 
magnetic radiation through the action of a stored phase taper 
formed by establishing a crystallinity gradient over a series 
of active chalcogenide regions or domains in one or more 
directions of the element. The dispersive characteristics of 
the grid are determined by the structural states of the active 
chalcogenide regions contained therein and are recon?g 
urable through transformations of one or more chalcogenide 
regions from one structural state to another by providing 
energy to the chalcogenide material. In a preferred embodi 
ment, the individual active chalcogenide regions are much 
smaller than the operating Wavelength of the element so that 
a plurality of active chalcogenide regions is included in 
Wavelength scale domains. In these embodiments, crystal 
linity gradients may be formed through monotonic increases 
or decreases in the domain average fractional crystallinity in 
one or more directions of an element Where no particular 

requirement on the fractional crystallinity of individual 
active regions need be imposed. In these embodiments, the 
domain fractional crystallinity is a statistical average over 
the individual chalcogenide regions contained therein and 
phase tapers may be achieved in multistate or binary mode. 
The element may be free-standing, supported on a dielectric 
substrate or interposed betWeen tWo or more dielectric 

materials. 
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PHASE ANGLE CONTROLLED STATIONARY 
ELEMENTS FOR LONG WAVELENGTH 
ELECTROMAGNETIC RADIATION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The instant invention is a continuation in part of 
co-pending US. patent application Ser. No. 10/226,828, 
entitled “Phase Angle Controlled Stationary Elements for 
Wavefront Engineering of Electromagnetic Radiation” and 
?led on Aug. 23, 2002; the disclosure of Which is hereby 
incorporated by reference. 

FIELD OF INVENTION 

[0002] This invention relates to devices for controlling the 
direction of propagation and degree of focusing of electro 
magnetic radiation. More particularly, this invention relates 
to stationary elements that provide control over the re?ec 
tion, transmission, focusing, and defocusing of long Wave 
length electromagnetic radiation. Most particularly, this 
invention relates to recon?gurable elements for modifying 
the phase of incident electromagnetic radiation in the tera 
hertZ frequency range of the electromagnetic spectrum. 

BACKGROUND OF THE INVENTION 

[0003] Interest in terahertZ frequency systems has been 
steadily increasing over the past several years as their unique 
capabilities are identi?ed and technological barriers to their 
realiZation are overcome. The terahertZ frequency region 
(frequencies of ca. 0.3 THZ and higher (corresponding to 
Wavelengths of ca. 1 mm and shorter) offers a number of 
advantages including large bandWidths and a signi?cant 
reduction in siZe and Weight relative to existing microWave 
electromagnetic systems. Several applications that depend 
on or are expected to bene?t from terahertZ frequency 
technology have been proposed or are under development. 
These applications include spectroscopic detection of atmo 
spheric pollutants (e.g. oZone, greenhouse gases) and chemi 
cal Warfare agents, high resolution imaging systems for loW 
visibility environments and optically opaque media (eg 
fog, smoke, night, concealed object detection), short-range 
communications systems and satellite crosslinks. Military 
applications of terahertZ frequency systems include aircraft 
guidance systems, portable radars, missile seekers, and 
battle?eld communications. Possible civilian applications 
include automotive collision avoidance systems, blind-spot 
indicators, freeWay tolling, product tagging, and Wireless 
communications. 

[0004] RealiZation of terahertZ frequency systems requires 
the development of neW technologies for the transmission, 
manipulation and reception of electromagnetic radiation in 
the millimeter to sub-millimeter Wavelength portion of the 
electromagnetic spectrum. For convenience, the millimeter 
to sub-millimeter Wavelength portion of the electromagnetic 
spectrum may be referred to herein as the millimeter Wave 
length range. Traditional approaches have emphasiZed 
extensions of electronic technologies used in the radiofre 
quency (rf) range (frequencies from about 3 MHZ to about 
30 GHZ, Wavelengths from about 10 m to about 1 cm) to the 
terahertZ frequency range. Electromagnetic radiation in the 
rf region has been utiliZed for many years in radar imaging 
and tracking systems and has a Well-developed base of 
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technology that includes elements for transmitting, steering, 
focusing and receiving rf radiation. Conventional rf tech 
nology is an electronic circuit based technology in Which 
discrete electronic components such as capacitors and induc 
tors are used to form transmission lines, Waveguides, and 
phase shifters that are used to directly produce, control and 
detect rf radiation. Although conventional rf systems are 
generally compatible With millimeter Wave applications, 
problems associated With cost, poWer and functionality 
arise, especially in the sub-millimeter range. Cost issues 
stem from the expensive phase shifters needed for the 
directional transmission or reception of rf radiation. PoWer 
issues arise in the context of active phase arrays, Which 
utiliZe solid-state devices. The poWer handling capability of 
solid-state devices is frequency dependent and decreases 
With increasing frequency of electromagnetic radiation. The 
output poWer of a typical Si bipolar junction transistor, for 
example, decreases by over three orders of magnitude When 
the frequency is changed from 1 GHZ to 30 GHZ. Moreover, 
at sufficiently high frequencies, discrete electronic compo 
nents (e.g. capacitors and inductors) lose their functionality. 
[0005] Recent developments in millimeter Wave systems 
have emphasiZed spatially based systems in Which the 
radiation propagates in free space, rather than through 
circuits, Waveguides or transmission lines. Spatially based 
systems are also referred to as quasi-optical systems because 
they treat millimeter Wave radiation as free space beams and 
manipulate these beams in a manner analogous to methods 
used for manipulating optical beams. Quasi-optical elements 
can be used to amplify, mix, sWitch, re?ect, transmit or 
phase shift millimeter Wave beams. Quasi-optical elements 
can be passive or active. A passive quasi-optical element 
typically consists of a grid of a conducting material. The grid 
can be formed, for example, from a thin sheet of a conduct 
ing material that includes periodically spaced perforations. 
Wire grids are also possible. The grids can be free standing, 
mounted on a dielectric substrate, or sandWiched betWeen 
tWo dielectric materials. Active quasi-optical elements 
incorporate a periodic array of active (non-linear) devices 
into an otherWise passive grid. The active devices can be 
placed at the intersection points of a grid or betWeen 
intersection points. Active devices such as PIN diodes, 
varactor diodes, transistors, polariZers, ampli?ers, transduc 
ers, and Faraday rotation devices have been used in active 
quasi-optical elements. Quasi-optical elements offer the 
potential of overcoming the poWer inadequacies of circuit 
based millimeter Wave systems by providing an effective 
Way to combine the outputs of multiple solid state devices to 
achieve high poWers. 

[0006] Interest in quasi-optical elements for millimeter 
Wave systems has steadily increased over the past decade as 
methods for producing monolithic tWo-dimensional periodic 
arrays of active devices have improved and fundamental 
principles of operation have been elucidated. There remain, 
hoWever, several limitations that require attention in order 
for quasi-optical elements to become mainstream. Outstand 
ing limitations include active element insertion losses, scat 
tering losses, active element poWer requirements, thermal 
effects due to poWer dissipation, and manufacturing chal 
lenges for large-scale grids such as precise substrate ?atness 
requirements and precise dielectric thickness uniformity. 
Further performance improvements (e.g. greater variability 
of phase angle, Wider re?ection angles for stationary ele 
ments, tighter beam focusing, loWer poWer requirements 
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and/or heat dissipation in active grids) are also desired. A 
need exists for neW quasi-optical materials and elements to 
further the potential of quasi-optical systems for use in 
controlling electromagnetic radiation, especially in the tera 
hertZ frequency portion of the electromagnetic spectrum. 

SUMMARY OF THE INVENTION 

[0007] The instant invention provides a stationary quasi 
optical element for in?uencing electromagnetic radiation. In 
a preferred embodiment, terahertZ frequency electromag 
netic radiation (radiation in the millimeter and sub-millime 
ter Wavelength portion of the electromagnetic spectrum) is 
controlled by the instant elements. The instant elements may 
be used to in?uence the re?ection and/or transmission of 
electromagnetic radiation by in?uencing the optical phase 
angle characteristics of the radiation. The instant elements 
alter the optical phase of incident electromagnetic beams by 
providing inductive and/or capacitive phase shifts. 

[0008] The instant elements are based on a conductive grid 
that includes active regions that include a volume of chal 
cogenide material. The spacing betWeen adjacent active 
chalcogenide regions is less than or equal to the Wavelength 
of the incident electromagnetic radiation that impinges the 
element. In a preferred embodiment, the active chalcogenide 
regions are periodically spaced in the grid. The chalcogenide 
material is a material that can be reversibly transformed 
from a crystalline state to one or more partially crystalline 
states to an amorphous state through the addition of energy. 
The electrical and optical properties of the chalcogenide 
material vary With its state of crystallinity. As a result, 
variations of the real and imaginary conductivities of the 
chalcogenide material affect the inductive or capacitive 
optical phase angle of the grid and accordingly affect the 
characteristics of re?ected and/or transmitted electromag 
netic radiation produced from an incident electromagnetic 
Wavefront. More speci?cally, by spatially controlling the 
state of crystallinity of the chalcogenide material over the 
active regions, it is possible to in?uence the phase angle of 
re?ected and/or transmitted electromagnetic radiation in the 
millimeter, sub-millimeter and other Wavelength ranges. As 
a result of this spatial control, beam steering, beam shaping 
or Wavefront correction of beams of terahertZ and other 
frequencies of electromagnetic radiation is possible over a 
Wide range of angles and spatial pro?les in both re?ection 
mode and transmission mode. 

[0009] Spatial variation of the fractional crystallinity of 
the chalcogenide regions of the instant elements may be 
accomplished in binary mode or multilevel mode. In binary 
mode, each chalcogenide region is one of tWo structural 
states and a spatial variation in fractional crystallinity is 
achieved statistically through averaging over spatially dis 
tinct portions of the element, Where each spatially distinct 
portion includes a plurality of chalcogenide regions. In a 
preferred binary embodiment, the tWo structural states are 
the amorphous and crystalline states of the chalcogenide 
material. In multilevel mode, the chalcogenide regions may 
include a chalcogenide material in three or more structural 
states. In this embodiment, each chalcogenide region may be 
in an amorphous state, a crystalline state or a state that, on 
a volume fraction basis Within the region, is partially amor 
phous and partially crystalline. In this embodiment, spatial 
variation in fractional crystallinity may be accomplished 
through spatial averaging over many chalcogenide regions 
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or through a variation in the fractional crystallinity of 
individual chalcogenide regions over a series of chalco 
genide regions in one or more directions. 

[0010] The regions of chalcogenide material in the grid 
render the instant elements active and provide for quasi 
optical like elements that are recon?gurable since the struc 
tural state of the volume of chalcogenide included in the 
active regions of the instant elements can be reversibly 
transformed over tWo or more structural states having frac 
tional crystallinities that range from an amorphous state to a 
crystalline state. In a preferred embodiment, the chalco 
genide regions are spaced periodically in the grid of the 
instant elements. 

[0011] In one embodiment, an element is provided that 
provides for the steering of incident beams of terahertZ and 
other frequencies of radiation in re?ection mode. In this 
embodiment, the re?ection angle of an incident beam can be 
controlled by using the element to control the phase angle of 
the re?ected beam. This embodiment provides for non 
specular re?ection of incident beams. 

[0012] In another embodiment, an element is provided that 
provides for steering of incident beams of terahertZ and 
other frequencies of electromagnetic radiation in transmis 
sion mode. In this embodiment, the transmission angle of an 
incident beam can be controlled by using the element to 
control the phase angle of the transmitted beam. This 
embodiment provides for transmission of an incident elec 
tromagnetic beam in a non-refractive direction. 

[0013] In yet another embodiment, an element is provided 
that focuses or defocuses an incident beam of terahertZ or 
other frequency radiation in re?ection mode. 

[0014] In still another embodiment, an element is provided 
that focuses or defocuses an incident beam of terahertZ or 
other frequency radiation in transmission mode. Embodi 
ments in Which focusing or defocusing in combination With 
non-specular re?ection or non-refractive transmission are 
also provided. 

[0015] In a further embodiment, an element is provided 
for correcting or removing distortions in, the Wavefront of a 
beam of terahertZ or other frequency of electromagnetic 
radiation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1A. A periodic conducting grid. 

[0017] FIG. 1B. Equivalent circuit of the periodic con 
ducting grid shoWn in FIG. 1. 

[0018] FIG. 2A. Schematic depiction of an embodiment 
of an element having an active grid. 

[0019] FIG. 2B. Equivalent circuit of the active grid 
element shoWn in FIG. 2A Where the active component is a 
diode. 

[0020] FIG. 2C. Portion of a square grid having intersect 
ing conductive strinps. 

[0021] FIG. 2D. Portion of a square grid having non 
intersecting conductive strips. 

[0022] FIG. 3. Plot shoWing the real and imaginary con 
ductivities and phase angle of a chalcogenide material 
(Ge2Sb2Te5) as a function of frequency. 
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[0023] FIG. 4A. Portion of a grid having a continuous 
phase taper. 

[0024] FIG. 4B. Adomain comprising a plurality of active 
chalcogenide regions. 

[0025] FIG. 4C. Portion of an element that includes a 
series of three non-overlapping domains. 

[0026] FIG. 4D. Portion of an element that includes a 
series of three overlapping domains. 

[0027] FIG. 5A. An element for re?ecting or transmitting 
electromagnetic radiation that includes active regions that 
contain a volume of chalcogenide material. 

[0028] FIG. 5B. An equivalent circuit of the element 
shoWn in FIG. 5A. 

[0029] FIG. 6. An element for re?ecting or transmitting 
electromagnetic radiation that includes a crystallinity gradi 
ent across active chalcogenide regions in a horiZontal direc 
tion. 

[0030] FIG. 7. An element for re?ecting or transmitting 
electromagnetic radiation that includes a crystallinity gradi 
ent across active chalcogenide regions in a vertical direction. 

[0031] FIG. 8. An element for re?ecting or transmitting 
electromagnetic radiation that includes active chalcogenide 
regions located at the intersection points of horiZontal and 
vertical conductive strips. 

[0032] FIG. 9. An element for re?ecting or transmitting 
electromagnetic radiation that includes a crystallinity gradi 
ent across active chalcogenide regions in a horiZontal direc 
tion over Which the fractional crystallinity increases and 
decreases. 

[0033] FIG. 10. An element for re?ecting or transmitting 
electromagnetic radiation that includes a crystallinity gradi 
ent over active chalcogenide regions in a horiZontal direc 
tion. 

[0034] FIG. 11A. An element for re?ecting or transmitting 
electromagnetic radiation that includes active chalcogenide 
regions that interconnect horiZontal conductive segments. 

[0035] FIG. 11B. An element for re?ecting or transmitting 
electromagnetic radiation that includes active chalcogenide 
regions that interconnect horiZontal and vertical conductive 
segments. 

[0036] FIG. 11C. An element for re?ecting or transmitting 
electromagnetic radiation that includes active chalcogenide 
regions that interconnect conductive segments at selected 
positions Within the vertical conductive strips. 

[0037] FIG. 11D. An element for re?ecting or transmitting 
electromagnetic radiation that includes active chalcogenide 
regions located at the intersection point of horiZontal and 
vertical conductive strips. 

[0038] FIG. 11E. An element for re?ecting or transmitting 
electromagnetic radiation that includes active chalcogenide 
regions interposed betWeen intersecting conductive strips. 

[0039] FIG. 11F. An element for re?ecting or transmitting 
electromagnetic radiation that includes active chalcogenide 
regions interposed betWeen non-intersecting conductive 
strips. 
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[0040] FIG. 12A. A conductive segment having a non 
uniform Width. 

[0041] FIG. 12B. A conductive segment having a non 
uniform Width. 

[0042] FIG. 13. A grid combination for re?ecting or 
transmitting electromagnetic radiation. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0043] The instant invention provides elements for con 
trolling the re?ection and transmission properties of elec 
tromagnetic radiation. The instant elements operate by con 
trolling the phase angle of re?ected or transmitted 
electromagnetic radiation produced from incident electro 
magnetic radiation and may operate in a stationary con?gu 
ration. Consequently, the instant elements may be referred to 
as phase angle controlled stationary elements (PACSE). 
Since the instant elements may act on electromagnetic 
radiation traveling in free space, the instant elements may 
also be vieWed as examples of quasi-optical elements. The 
instant elements include a chalcogenide material as an active 
component and achieve variability of in?uence over the 
re?ection and transmission properties of electromagnetic 
radiation through spatial variations in the structural state of 
a chalcogenide material in one or more active regions of a 
grid. 
[0044] The co-pending parent application, US. patent 
application Ser. No. 10/226,828 incorporated by reference 
above, provides a discussion of controlling the phase angle 
of electromagnetic radiation With a chalcogenide material 
and presents elements for Wavefront engineering of electro 
magnetic radiation. The PACSE elements of the co-pending 
application include elements that comprise a plurality of 
regions of a chalcogenide material distributed in a pattern 
across one or more spatial dimensions Where the fractional 
crystallinity of the chalcogenide material varies from region 
to region, thereby forming a crystallinity gradient. The 
fractional crystallinity of spatially distinct chalcogenide 
regions Was controlled through the formation of amorphous 
marks Within an otherWise crystalline chalcogenide region. 
The siZe and/or number of amorphous marks provide for 
tunable control of the volume fraction of crystallinity With 
variations therein across tWo or more chalcogenide regions 
providing for a crystallinity gradient. Since the in?uence of 
the chalcogenide material on the phase angle of incident 
electromagnetic radiation varies With fractional crystallinity, 
the crystallinity gradients of the elements of the co-pending 
application provide a phase taper that alters the phase angle 
characteristics of an incident electromagnetic beam to pro 
duce a re?ected and/or transmitted electromagnetic beam 
having controlled phase angle characteristics. The steeper 
the crystallinity gradient, the greater the effect on the phase 
angle and the greater the deviation from specular re?ection 
and/or refractive transmission. Several examples illustrating 
the ability of the elements of the co-pending application to 
control the angle of propagation, angle of re?ection or 
degree of focusing of an electromagnetic beam are described 
in the co-pending application. 

[0045] It is desirable to have PACSE elements that operate 
over a Wide range of Wavelengths of electromagnetic radia 
tion and therefore to consider the suitability of the PACSE 
elements of the co-pending US. patent application Ser. No. 
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10/226,828 for operation at different Wavelengths. Of par 
ticular interest is the suitability of the PACSE elements 
described in the co-pending application for electromagnetic 
radiation in the terahertZ frequency regime, Where the Wave 
length range is about tWo orders of magnitude longer than 
the optical Wavelength range. The Wavelength of operation 
of a PACSE device impacts the design requirements of a 
PACSE element. More speci?cally, the operating Wave 
length needs to be considered in the siZing of certain features 
of a PACSE. The overall device siZe, mark siZe and mark 
spacing are among the features having a range of permis 
sible values that are in?uenced by the operating Wavelength. 

[0046] The overall siZe of a PACSE element must balance 
the desire for achieving a high degree of control over the 
phase of re?ected or transmitted electromagnetic radiation 
and the desire to minimiZe diffraction effects. As described 
in the co-pending parent application, the greatest control 
over phase angle is achieved in a PACSE element that 
possesses a strong crystallinity gradient, Where a strong 
crystallinity gradient is one in Which the change in fractional 
crystallinity is greatest over the shortest possible distance. A 
strong crystallinity gradient provides the phase control nec 
essary to permit greater deviations from specular re?ection 
and/or greater deviations from refractive transmission. 

[0047] Since the maximum variation in fractional crystal 
linity is ?xed to a range extending from amorphous (0% 
crystallinity) to crystalline (100% crystallinity) and since the 
amorphous, crystalline and a continuous series of partially 
crystalline states are achievable in practical operation, the 
design goal of maximiZing the crystallinity gradient amounts 
to a desire to minimiZe the siZe of the PACSE element. For 
a given range of fractional crystallinity, a smaller device 
leads to stronger crystallinity gradients and a commensu 
rately greater range of control over the phase angle of 
re?ected and/or transmitted radiation. 

[0048] A reduction in the siZe of the PACSE element, 
hoWever, intensi?es diffraction effects and diminishes the 
ef?ciency of transmission or re?ection of phase controlled 
electromagnetic radiation. As a PACSE element becomes 
smaller relative to the operating Wavelength, aperturelike 
diffraction effects of the operating radiation from the PACSE 
element become increasingly important. As the diffraction 
ef?ciency increases, the ef?ciency of the transformation of 
incident electromagnetic radiation to phase controlled 
re?ected and/or transmitted radiation decreases and the 
performance of the PACSE element accordingly is dimin 
ished. The increase in diffraction ef?ciency as a PACSE 
element becomes small is analogous to the increase in 
diffraction ef?ciency of incident electromagnetic radiation in 
the presence of an aperture as the siZe of the aperture 
decreases. Diffraction constitutes an undesired loss of a 
portion of the incident radiation and leads to a reduction in 
the ef?ciency of the conversion of incident radiation to phase 
controlled re?ected and/or transmitted radiation. 

[0049] Designing the siZe of a PACSE element thus rep 
resents a compromise betWeen competing effects. Larger 
elements minimiZe undesired diffraction effects, but do so at 
the expense of the strength of the crystallinity gradient. 
Smaller elements increase the strength of the crystallinity 
gradient, but are accompanied by greater diffraction losses. 
The instant inventors believe that a PACSE size (eg the 
length of a square shaped PACSE element) less than about 
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tWice the operating Wavelength Would lead to unacceptably 
high diffraction effects and that PACSE siZes in the range of 
2-5 times the operating Wavelength represent an appropriate 
trade-off betWeen diffraction losses and range of phase 
control for many applications. PACSE siZes outside this 
range are still expected to provide phase control according 
to the principles of the instant invention, but do so in a less 
than optimum fashion. PACSE devices having a siZe beloW 
tWice the operating Wavelength provide phase control over 
a Wide range, but suffer from poor conversion ef?ciency due 
to high diffraction losses. PACSE devices having a siZe 
above about quintuple the operating Wavelength also pro 
vide phase control With the bene?t of loW diffraction losses, 
but do so over a range of phase angles that may be too 
limited for some applications. The siZe of a PACSE element 
may be selected according to the needs of a particular 
application. If a high degree of phase control is desired and 
conversion ef?ciency can be sacri?ced, smaller PACSE 
devices (eg elements having a siZe beloW about tWice the 
operating Wavelength) may be appropriate. If high conver 
sion ef?ciency is desired and the range of phase control can 
be sacri?ced, larger PACSE elements may be appropriate. 

[0050] A consequence of the considerations related to the 
siZing of a PACSE element according to the co-pending 
application is that the application of the PACSE concept in 
the terahertZ frequency range requires an increase in the siZe 
of the PACSE element relative to the siZe of PACSE 
elements suitable for operation at optical frequencies. At an 
operating Wavelength of, for example, 1.5 pm (near-infra 
red), a PACSE element having an active area of eg 5 pmxS 
pm Would provide acceptable performance. At an operating 
Wavelength of 0.15 mm (2 THZ), in contrast, the correspond 
ing PACSE element according to the co-pending application 
Would have an active area of 500 pm><500 pm. While 
PACSE devices according to the co-pending application 
having such siZes are possible and operable, the instant 
inventors have recogniZed that they may be impractical due 
to the corresponding scaling requirements of the amorphous 
marks that need to be formed to provide crystallinity gra 
dients that exploit the full range of crystallinity available 
from a chalcogenide material. The loW end of the fractional 
crystallinity range requires a high amorphous phase volume 
fraction over a signi?cant portion of the chalcogenide mate 
rial. As the siZe of the PACSE element increases, it becomes 
necessary to be able to render larger and larger portions of 
the chalcogenide material amorphous in order to achieve 
structural states having the loW fractional crystallinity 
needed to maximiZe crystallinity gradients and increase the 
degree of phase control available from chalcogenide mate 
rials. 

[0051] In principle, the transformation of large area por 
tions of a chalcogenide material from a crystalline state to an 
amorphous state may be accomplished through the forma 
tion of individual marks having a large siZe. In practice, 
hoWever, it is difficult to form marks larger than about 1 pm 
in diameter. This limitation is a consequence of the high 
thermal energy requirements needed to form large marks. 
Amorphous mark formation occurs through a process in 
Which energy is provided to a crystalline chalcogenide 
material in an amount suf?cient to melt it folloWed by 
cooling at a rate suf?cient to kinetically stabiliZe an amor 
phous phase While preventing recrystalliZation. Rapid cool 
ing requires rapid dissipation of thermal energy from the 
area in Which mark formation occurs. As the speci?ed mark 






































